Key Points {#FPar1}
==========

Safety and tolerability of ceftazidime--avibactam was similar to that of comparator drugs.Safety data appeared to be consistent with that of historical data for ceftazidime alone.Safety findings were similar between groups within different infections and post-marketing surveillance will continue to define safety in clinical practice.

Introduction {#Sec1}
============

With the increasing global prevalence of Gram-negative multidrug-resistant (MDR) bacteria, there is a need for the development of new antibiotics \[[@CR1]--[@CR4]\]. Ceftazidime is a third-generation cephalosporin with a well-established safety and tolerability profile. Like other β-lactam antibiotics, ceftazidime is susceptible to hydrolysis by β-lactamases that renders it inactive. The high and increasing prevalence of β-lactam resistance has reduced the utility of ceftazidime in many countries. Avibactam is a recently developed first-in-class non-β-lactam β-lactamase inhibitor of serine β-lactamases with a spectrum of inhibition that includes several mechanisms of resistance in bacteria. The addition of avibactam to ceftazidime expands its antibacterial activity against pathogens possessing β-lactamases that are susceptible to inhibition by avibactam, while retaining the bactericidal activity of ceftazidime \[[@CR5]\]; it therefore has the potential to restore the utility of ceftazidime in the clinical setting. The focus of the safety assessment is to ascertain whether the addition of avibactam has an impact on the known, mature safety profile of ceftazidime monotherapy.

The efficacy and safety of ceftazidime--avibactam have been investigated in an adult clinical trial programme comprising 12 phase I \[[@CR6]--[@CR15]\], two phase II \[[@CR16], [@CR17]\] and five phase III studies \[[@CR18]--[@CR22]\]. The phase II and III programme included patients with serious life-threatening infections predominantly caused by Gram-negative bacteria; specifically, complicated intra-abdominal infection (cIAI), complicated urinary tract infection (cUTI), including acute pyelonephritis, and nosocomial pneumonia (NP), including ventilator-associated pneumonia (VAP). The individual efficacy and safety results for each study have been presented \[[@CR16]--[@CR22]\]. Across the trials, ceftazidime--avibactam demonstrated a safety profile consistent with that of ceftazidime alone (known adverse drug reactions \[ADRs\] for ceftazidime intravenous administration are listed in Online Resource 1 \[see Electronic Supplementary Material (ESM)\]; those occurring with a frequency of \> 1% include eosinophilia, thrombocytosis, phlebitis or thrombophlebitis, diarrhoea, transient increases in hepatic enzymes, maculopapular or urticarial rash and positive Coomb's test \[[@CR23]\]).

This descriptive analysis of pooled safety data from patients enrolled in the seven phase II and III adult clinical studies was undertaken to characterise the overall safety and tolerability profile of ceftazidime--avibactam. It was structured in line with the Council for International Organizations of Medical Sciences (CIOMS) Working Group IV Management of Safety Information from Clinical Trials recommendations \[[@CR24]\], and the individual trials were designed with standardisation of safety data collection with the intention of pooling the data to create the largest denominator set for each indication. It included sub-analyses of the impact of intrinsic and extrinsic patient factors on safety based on International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) guidance \[[@CR25]\], and assessments of pre-defined safety topics of special interest (STOI) based on the known safety profile of ceftazidime monotherapy. A recent meta-analysis of these published trials reported that serious adverse events (SAEs) were significantly more common for patients treated with ceftazidime--avibactam than for those in the pooled comparator group \[[@CR26]\]; however, that analysis excluded 62 patients with moderate or severe renal impairment who were analysed separately in one of the phase III trials. The current analysis uses valid denominators (and a larger sample of patients with renal impairment) to provide more accurate treatment-emergent incidences for the 4050 patients who received at least one dose of study therapy in the adult phase II and III programme.

Methods {#Sec2}
=======

Studies {#Sec3}
-------

All studies included in the ceftazidime--avibactam adult phase II and III programme were multicentre, randomised, active-comparator trials (see Online Resource 2 in the ESM), which enrolled patients with cUTI, including pyelonephritis \[[@CR16], [@CR18], [@CR19]\], cIAI \[[@CR19], [@CR20], [@CR21]\] and NP, including VAP \[[@CR22]\]. All studies were double-blind, except for the phase III REPRISE study in patients with cUTI or cIAI due to resistant pathogens, which was open-label \[[@CR19]\], and the phase II NXL104-2001 study in patients with cUTI, which was investigator-blinded \[[@CR16]\].

In the phase III studies, patients were randomised (1:1) to receive ceftazidime--avibactam (ceftazidime 2000 mg and avibactam 500 mg) every 8 h (q8h) by 2-h intravenous (IV) infusions or comparator therapy for 5--21 days (duration of therapy was study-dependent, see Online Resource 2 in the ESM). In the phase II studies, the ceftazidime--avibactam dosage regimen was 500--125 mg q8h in the cUTI study and 2000--500 mg q8h in the cIAI study, with both studies using 30-min IV infusions. In the cIAI studies, patients randomised to ceftazidime--avibactam also received metronidazole (500 mg q8h by 60-min IV infusions). In the phase III studies, the ceftazidime--avibactam dosage regimen was adjusted for patients with baseline creatinine clearance (CrCl) \< 50 mL/min and renal function was monitored during therapy (comparator dosage regimens, including adjustments for renal function, were based on approved product labelling). Patients with impaired renal function (CrCl \< 50 mL/min in the cIAI study and \< 70 mL/min in the cUTI study) were excluded from the phase II studies \[[@CR16], [@CR17]\]. For coverage of Gram-positive pathogens, linezolid, daptomycin or vancomycin could be co-administered with ceftazidime--avibactam. In addition, in the REPROVE trial, concurrent aminoglycoside treatment was given to approximately 80% of patients with suspected/confirmed MDR Gram-negative pathogens \[[@CR22]\].

Data {#Sec4}
----

Collection of safety data from the signing of the study consent to the final study visit was standardised across the programme with the intention to conduct pooled analyses in line with CIOMS IV recommendations \[[@CR24]\] (for example, with respect to coding conventions, exclusion of events clearly identified to be associated with disease progression or asymptomatic abnormalities of protocolled laboratory parameters). Each study was reported using the MedDRA dictionary version for the time the respective study database was locked. For the present analysis, these were harmonised to a single dictionary version (MedDRA 19.0).

Safety variables included the incidence of adverse events (AEs) in patients taking ceftazidime--avibactam ± metronidazole or comparator up to the last study visit categorised by MedDRA Preferred Term (PT), relationship to treatment of AEs (determined by study investigators who in all studies, apart from the open-label REPRISE study, were blinded to treatment), SAEs, discontinuations due to AEs, all-cause mortality and AEs with an outcome of death. Treatment-emergent AEs were defined as those occurring in any patient who received part of a dose of study therapy. AE intensity was determined by the investigators according to predefined criteria: mild (patient was aware of the symptoms but could tolerate them easily without a clinically significant effect on their health or requirement for medical intervention); moderate (AEs caused enough discomfort to interfere with usual activity or clinical status, possibly requiring medical intervention); or severe (AE was considered to be incapacitating or to have a significant effect on clinical status, with the likely need for medical intervention and close follow-up). SAEs were defined as any AE that was life-threatening or resulted in death, hospitalisation or prolongation of hospitalisation, persistent/significant disability or incapacity, congenital anomaly, birth defect or another important medical event that jeopardised the patient or required intervention.

Pre-planned sub-analyses of intrinsic and extrinsic factors were programmed for AE reporting at end of study therapy and up to last visit by gender, age group, race, baseline body mass index (BMI), baseline renal status, region, ethnicity and co-administration with drugs that potentially could result in a drug--drug interaction (DDI); within each of these sub-analyses, frequencies and severities of individual PTs across subgroups and indications were summarised. Predefined safety topics of special interest (STOI) were also analysed, based on definitions created from Standardised MedDRA Queries comprising liver disorders, diarrhoea, hypersensitivity/anaphylaxis, haematological disorders representing low blood counts, and renal disorders. Laboratory parameters in the pooled dataset were analysed using shift from baseline and potentially clinically significant values based on pre-defined criteria. Known ADRs were defined using a combination of MedDRA PTs and laboratory definitions, and incidences were calculated.

Statistics {#Sec5}
----------

Safety data were pooled at the patient level across studies according to treatment group and summarised descriptively. The studies and the pooling were not designed to exclude bias associated with inferential testing of safety endpoints; therefore, no inferential statistical analyses were conducted.

Results {#Sec6}
=======

Patients {#Sec7}
--------

The pooled safety population included 4050 patients who received any amount of ceftazidime--avibactam or comparator. Of these, 2024 received ceftazidime--avibactam, including 857 patients with cIAI (who also received metronidazole), 731 patients with cUTI and 436 patients with NP; 2026 patients received comparator treatment, including 863 patients with cIAI, 729 patients with cUTI and 434 patients with NP. In nearly all cases, the comparator was a carbapenem (see Online Resource 2 in the ESM). An overview of patient disposition across the studies is shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Flow chart of patients included in the pooled phase II and III safety analysis (pooled safety population). *AE* adverse event, *cIAI* complicated intra-abdominal infection, *cUTI* complicated urinary tract infection, *NP* nosocomial pneumonia, *SAE* serious adverse event. ^†^Patients with cIAI received ceftazidime--avibactam in combination with metronidazole

Across the cIAI, cUTI and NP cohorts (Table [1](#Tab1){ref-type="table"}), the mean age was approximately 54 years, with 33% aged ≥ 65 years. More than half of patients with NP/VAP were elderly (\> 65 years), with 129/436 (29.6%) ≥ 75 years, whereas most patients with cIAI (389/857 \[80.4%\]) were \< 65 years. In the cUTI cohort, ages were more evenly spread, with similar proportions aged \< 45 years, 46--64 years and ≥ 65 years. Most patients (approximately 62%) were white in the cIAI and cUTI populations, with the largest proportion (approximately 49%) from Eastern Europe, and most were Asian in the NP population, with 143 (32.8%) from sites in mainland China. The mean BMI was approximately 25 kg/m^2^. Approximately half of patients overall had normal renal function (estimated CrCl ≥ 81 mL/min) at baseline. Patients with mild renal impairment at baseline (CrCl 51--80 mL/min) comprised approximately 27% of patients with cIAI and 38% of patients with cUTI and NP. Patients with moderate-to-severe renal impairment (estimated CrCl \< 50 mL/min) at baseline were not recruited to all studies and comprised 6.7% of patients with cIAI and approximately 10% of the cUTI and NP/VAP populations (Table [1](#Tab1){ref-type="table"}). Mean baseline Acute Physiology and Chronic Health Evaluation II (APACHE II) scores were higher in patients with NP/VAP than in patients with cIAI (cIAI: 6.6 vs 6.5 in RECLAIM, 4.8 vs 5.2 in RECLAIM 3 and 7.0 vs 9.4 in the REPRISE cIAI subgroup; NP: 14.5 vs 14.9 in REPROVE). APACHE II scores were not recorded in patients with cUTI.Table 1Baseline demographics and disease characteristics (pooled safety population)CharacteristiccIAIcUTINP including VAPOverallCeftazidime--avibactam + metronidazole (*N* = 857)Comparator (*N* = 863)Ceftazidime--avibactam (*N* = 731)Comparator (*N* = 729)Ceftazidime--avibactam (*N* = 436)Meropenem (*N* = 434)Ceftazidime--avibactam ± metronidazole (*N* = 2024)Comparator (*N* = 2026)Mean age (SD), years48.6 (17.2)49.0 (18.2)53.8 (19.5)53.9 (18.5)62.8 (16.7)62.8 (17.6)53.5 (18.7)53.7 (18.9)Age group, *n* (%)  ≥ 18--45 years379 (44.2)382 (44.3)243 (33.2)224 (30.7)75 (17.2)74 (17.1)697 (34.4)680 (33.6) 46--64 years310 (36.2)287 (33.3)231 (31.6)259 (35.5)125 (28.7)127 (29.3)666 (32.9)673 (33.2) 65--74 years107 (12.5)110 (12.7)133 (18.2)146 (20.0)107 (24.5)98 (22.6)347 (17.1)354 (17.5) ≥ 75 to ≤ 90 years61 (7.1)84 (9.7)124 (17.0)100 (13.7)129 (29.6)135 (31.1)314 (15.5)319 (15.7)Male, *n* (%)544 (63.5)577 (66.9)264 (36.1)250 (34.3)325 (74.5)320 (73.7)1133 (56.0)1147 (56.6)Race, *n* (%) White472 (55.1)477 (55.3)602 (82.4)611 (83.8)181 (41.5)189 (43.5)1255 (62.0)1277 (63.0) Black or African American7 (0.8)3 (0.3)5 (0.7)14 (1.9)3 (0.7)2 (0.5)15 (0.7)19 (0.9) Asian331 (38.6)334 (38.7)60 (8.2)43 (5.9)245 (56.2)236 (54.4)636 (31.4)613 (30.3) Native Hawaiian or other Pacific Islander0 (0.0)0 (0.0)0 (0.0)0 (0.0)1 (0.2)0 (0.0)1 (0.0)0 (0.0) American Indian or Alaskan Native6 (0.7)6 (0.7)1 (0.1)3 (0.4)0 (0.0)0 (0.0)7 (0.3)9 (0.4) Other39 (4.6)43 (5.0)63 (8.6)58 (8.0)6 (1.4)7 (1.6)108 (5.3)108 (5.3) Missing2 (0.2)0 (0.0)0 (0.0)0 (0.0)0 (0.0)0 (0.0)2 (0.1)0 (0.0)Region, *n* (%) Western Europe^a^47 (5.5)47 (5.4)23 (3.1)22 (3.0)37 (8.5)34 (7.8)107 (5.3)103 (5.1) Eastern Europe^b^369 (43.1)376 (43.6)507 (69.4)511 (70.1)113 (25.9)109 (25.1)989 (48.9)996 (49.2) China130 (15.2)136 (15.8)0 (0.0)0 (0.0)143 (32.8)145 (33.4)273 (13.5)281 (13.9) Rest of World^c^311 (36.3)304 (35.2)201 (27.5)196 (26.9)143 (32.8)146 (33.6)655 (32.4)646 (31.9)Mean body mass index (SD), kg/m^2^25.09 (5.0)^d^25.14 (4.9)^e^26.69 (6.0)^f^26.72 (5.8)^g^23.78 (6.0)^h^23.60 (5.2)^i^25.39 (5.7)^j^25.38 (5.4)^k^CrCl group (mL/min), *n* (%) ≥ 81561 (65.5)576 (66.7)362 (49.5)367 (50.3)213 (48.9)214 (49.3)1136 (56.1)1157 (57.1) 51--80234 (27.3)212 (24.6)281 (38.4)280 (38.4)166 (38.1)164 (37.8)681 (33.6)656 (32.4) 31--5055 (6.4)70 (8.1)77 (10.5)74 (10.2)43 (9.9)46 (10.6)175 (8.6)190 (9.4) ≤ 302 (0.2)3 (0.3)8 (1.1)7 (1.0)12 (2.8)8 (1.8)22 (1.1)18 (0.9) Missing5 (0.6)2 (0.2)3 (0.4)1 (0.1)2 (0.5)2 (0.5)10 (0.5)5 (0.2)*cIAI* complicated intra-abdominal infection, *CrCl* creatinine clearance, *cUTI* complicated urinary tract infection, *n* number of patients, *N* number of patients in treatment group, *NP* nosocomial pneumonia, *SD* standard deviation, *VAP* ventilator-associated pneumonia^a^Includes Belgium, France, Germany, Greece, Italy, the Netherlands, Portugal, Spain and the United Kingdom^b^Includes Bulgaria, Croatia, Czech Republic, Hungary, Latvia, Lithuania, Poland, Romania, Russian Federation, Serbia, Slovakia, Turkey and Ukraine^c^Includes Argentina, Brazil, Canada, Chile, India, Israel, Lebanon, Mexico, Malaysia, Peru, Thailand, Taiwan, the United States, Guatemala, Jordan, South Korea, Japan, Vietnam, the Philippines and South Africa^d^*n* = 849^e^*n* = 855^f^*n* = 723^g^*n* = 723^h^*n* = 425^i^*n* = 423^j^*n *= 1997^k^*n *= 2001

Duration of Treatment {#Sec8}
---------------------

Overall, the mean ± standard deviation (range) duration of treatment was 8.2 ± 3.2 (1--21) days in the ceftazidime--avibactam ± metronidazole group and 8.4 ± 3.2 (1--23) days in the comparator group. Among patients with cIAI, cUTI and NP treated with ceftazidime--avibactam (plus metronidazole for cIAI patients), the mean (range) treatment durations were 7.7 (1--21), 7.9 (1--21) and 9.5 (1--14) days, respectively, reflecting in part the clinical trials' protocol-specific differences in treatment duration (see Online Resource 2 in the ESM); corresponding values in the comparator groups were 8.0 (1--23), 8.1 (1--21) and 9.7 (1--15) days, respectively. The most common reasons for treatment discontinuation in the ceftazidime--avibactam ± metronidazole and comparator groups, respectively, were subject decision (2.8% and 1.9%), AE (2.5% and 1.7%) and lack of therapeutic response (2.5% and 2.6%). Overall, 1791/2024 patients (88.5%) in the ceftazidime--avibactam ± metronidazole group and 1836/2026 patients (90.6%) in the comparator group completed treatment (Fig. [1](#Fig1){ref-type="fig"}).

Adverse Events {#Sec9}
--------------

Overall, 49.2% of patients in the ceftazidime--avibactam ± metronidazole group and 47.6% of those in the comparator group had any AE up to the last study visit (Table [2](#Tab2){ref-type="table"}), and most AEs were of mild or moderate intensity and did not result in discontinuation of study therapy. The incidence of patients with any AE up to the last study visit was balanced across treatment groups, with patients with cUTI having the lowest incidence and patients with NP/VAP having the highest incidence (Table [2](#Tab2){ref-type="table"}). The incidences of AEs occurring up to the end of study therapy (EOT) were similar to those occurring up to the last visit (872/2024 \[43.1%\] for ceftazidime--avibactam ± metronidazole and 847/2026 \[41.8%\] for comparator).Table 2Adverse events up to the last study visit (pooled safety population)AE category, *n* (%)cIAIcUTINP including VAPTotalCeftazidime--avibactam + metronidazole (*N *= 857)Comparator (*N *= 863)Ceftazidime--avibactam (*N *= 731)Comparator (*N *= 729)Ceftazidime--avibactam (*N *= 436)Meropenem (*N *= 434)Ceftazidime--avibactam ± metronidazole (*N *= 2024)Comparator (*N *= 2026)Any AE398 (46.4)381 (44.1)275 (37.6)263 (36.1)323 (74.1)321 (74.0)996 (49.2)965 (47.6)Any AE with outcome of death^a^10 (1.2)9 (1.0)3 (0.4)4 (0.5)27 (6.2)24 (5.5)40 (2.0)37 (1.8)Any SAE62 (7.2)67 (7.8)35 (4.8)19 (2.6)79 (18.1)59 (13.6)176 (8.7)145 (7.2)Discontinuation of study drug due to AEs26 (3.0)14 (1.6)10 (1.4)7 (1.0)16 (3.7)13 (3.0)52 (2.6)34 (1.7)AEs of severe intensity41 (4.8)54 (6.3)16 (2.2)18 (2.5)68 (15.6)55 (12.7)125 (6.2)127 (6.3)Patients with multiple AEs in the same category were counted once in that category; those with AEs in more than one category were counted in each category*AE* adverse event, *cIAI* complicated intra-abdominal infection, *cUTI* complicated urinary tract infection, *n* number of patients, *N* number of patients in treatment group, *NP* nosocomial pneumonia, *SAE* serious adverse event, *VAP* ventilator-associated pneumonia^a^Excluding deaths due to disease progression. Two additional patients, both with a diagnosis of cIAI, died after the last scheduled follow-up visit. One of these patients was a 66-year-old female with a history of diabetes mellitus. This patient received ceftazidime--avibactam plus metronidazole and had an SAE of myocardial infarction on day 39, which resulted in death on day 61. The second patient was a 54-year-old male with a sigmoid perforation and septic shock. This patient received ceftazidime--avibactam plus metronidazole. On day 67, he suffered a sudden respiratory and cardiac arrest that resulted in death

The most common AEs overall and within each indication in the ceftazidime--avibactam ± metronidazole group were diarrhoea, nausea, and headache (Table [3](#Tab3){ref-type="table"}). In patients with NP/VAP, there was increased reporting of hypokalaemia as an AE compared with those with cUTI and cIAI; however, laboratory analysis of actual shifts in serum potassium during treatment did not indicate a treatment effect (see Online Resource 3 in ESM).Table 3Common adverse events (≥ 2% in either treatment group) up to the last study visit ordered by incidence in the overall ceftazidime--avibactam ± metronidazole treatment group (pooled safety population)MedDRA v19.0 preferred term, *n* (%)cIAIcUTINP including VAPTotalCeftazidime--avibactam + metronidazole (*N *= 857)Comparator (*N *= 863)Ceftazidime--avibactam (*N *= 731)Comparator (*N *= 729)Ceftazidime--avibactam (*N *= 436)Meropenem (*N *= 434)Ceftazidime--avibactam ± metronidazole (*N *= 2024)Comparator (*N *= 2026)Most common AEs (≥ 2%) Diarrhoea60 (7.0)38 (4.4)23 (3.1)21 (2.9)67 (15.4)67 (15.4)150 (7.4)126 (6.2) Nausea67 (7.8)35 (4.1)21 (2.9)22 (3.0)14 (3.2)7 (1.6)102 (5.0)64 (3.2) Headache23 (2.7)18 (2.1)53 (7.3)72 (9.9)7 (1.6)7 (1.6)83 (4.1)97 (4.8) Vomiting45 (5.3)20 (2.3)8 (1.1)6 (0.8)25 (5.7)24 (5.5)78 (3.9)50 (2.5) Pyrexia42 (4.9)48 (5.6)9 (1.2)7 (1.0)14 (3.2)16 (3.7)65 (3.2)71 (3.5) Constipation17 (2.0)25 (2.9)20 (2.7)9 (1.2)25 (5.7)32 (7.4)62 (3.1)66 (3.3) Hypokalaemia8 (0.9)4 (0.5)2 (0.3)4 (0.5)47 (10.8)37 (8.5)57 (2.8)45 (2.2) Hypertension21 (2.5)28 (3.2)12 (1.6)11 (1.5)14 (3.2)17 (3.9)47 (2.3)56 (2.8) Anaemia17 (2.0)14 (1.6)4 (0.5)5 (0.7)25 (5.7)19 (4.4)46 (2.3)38 (1.9) Aspartate aminotransferase increased16 (1.9)19 (2.2)4 (0.5)5 (0.7)17 (3.9)17 (3.9)37 (1.8)41 (2.0) Alanine aminotransferase increased15 (1.8)18 (2.1)3 (0.4)6 (0.8)17 (3.9)19 (4.4)35 (1.7)43 (2.1)Patients with multiple AEs in the same category were counted once in that category; those with AEs in more than one category were counted in each category*AE* adverse event, *cIAI* complicated intra-abdominal infection, *cUTI* complicated urinary tract infection, *n* number of patients, *N* number of patients in treatment group, *NP* nosocomial pneumonia, *SAE* serious adverse event, *VAP* ventilator-associated pneumonia

In the ceftazidime--avibactam ± metronidazole group, the incidence of AEs of infusion-site phlebitis up to the last study visit (defined using the PTs Administration site erythema, Administration site inflammation, Administration site phlebitis, Infusion site inflammation, Infusion site pain, Infusion site phlebitis, Injection site erythema, Injection site phlebitis, Vessel puncture site erythema, and Vessel puncture site phlebitis) was 0.4% and the incidence of AEs of infusion site thrombosis (defined using the PTs Administration site bruise, Administration site haematoma, Administration site thrombosis, Infusion site bruising, Infusion site haematoma, Infusion site thrombosis, Injection site bruising, Injection site haematoma, Injection site thrombosis) was 0.05%. In addition, the PTs Injection site pain, Infusion site erythema, Thrombophlebitis, Thrombophlebitis superficial, Phlebitis, and Phlebitis superficial up to EOT each occurred in \< 1% of patients; however, there was insufficient information to confirm if these AEs were related to the infusion site or thrombophlebitis, all were non-serious, and most were of mild intensity. Similar rates of infusion-site phlebitis and infusion-site thrombosis PTs were seen in the comparator groups (data not shown).

The incidence of AEs assessed by the investigator to be related to the study drug or procedures was 217/2014 (10.7%) for ceftazidime--avibactam ± metronidazole and 194/2026 (9.6%) for the comparator group. The most common (≥ 1% in either treatment group) treatment-related AEs in both groups were diarrhoea, headache, nausea and increased alanine aminotransferase (ALT) (see Online Resource 4 in the ESM), all of which are known ADRs of ceftazidime \[[@CR23]\]. Analysis of the AEs showed a pattern consistent with the known safety profile of ceftazidime, the underlying infection or the patient population.

Overall, SAEs occurred in 176/2024 (8.7%) and 145/2026 (7.2%) patients in the ceftazidime--avibactam ± metronidazole and comparator groups, respectively, and, like that of overall AEs, the lowest and highest incidences of SAEs were reported by patients with cUTI and NP, respectively (Table [2](#Tab2){ref-type="table"}). The most common SAEs up to the last visit (ceftazidime--avibactam ± metronidazole group) were pneumonia (0.5%), acute kidney injury (0.4%), respiratory failure (0.4%) and sepsis (0.3%). Few SAEs were assessed by the investigator to be related to the study drug, and treatment-related SAEs were sporadic in type (Table [4](#Tab4){ref-type="table"}).Table 4Serious adverse events up to the last study visit considered by the blinded investigators to be related to the study drug ordered by incidence in the overall ceftazidime--avibactam ± metronidazole treatment group (pooled safety population)MedDRA v19.0 preferred term, *n* (%)Ceftazidime--avibactam ± metronidazole (*N *= 2024)Comparator (*N *= 2026)Diarrhoea^a,b^2 (0.1)0 (0.0)Accidental overdose1 (0.0)0 (0.0)Acute coronary syndrome1 (0.0)0 (0.0)Acute kidney injury^a^1 (0.0)0 (0.0)Alanine aminotransferase increased^a,b^1 (0.0)0 (0.0)Aspartate aminotransferase increased^a,b^1 (0.0)0 (0.0)Chronic hepatitis C1 (0.0)0 (0.0)Hepatic enzyme increased^a,b^1 (0.0)0 (0.0)Hepatic function abnormal^a,b^1 (0.0)0 (0.0)Hypersensitivity^a^1 (0.0)0 (0.0)Liver function test abnormal^a,b^1 (0.0)0 (0.0)Pyrexia^a,b^1 (0.0)0 (0.0)Subacute hepatic failure1 (0.0)0 (0.0)Blood creatinine increased^a^0 (0.0)1 (0.0)*Clostridium difficile* colitis^a^0 (0.0)1 (0.0)Confusional state^a^0 (0.0)1 (0.0)Drug eruption0 (0.0)1 (0.0)Hyperkalaemia0 (0.0)1 (0.0)Transaminases increased^a,b^0 (0.0)1 (0.0)The investigator was blinded in all studies except for the open-label REPRISE study*n* number of patients, *N* number of patients in treatment group^a^Adverse events that are considered to be listed for ceftazidime as defined in the Ceftazidime Summary of Product Characteristics 2016 \[[@CR23]\]^b^Adverse events that are considered to be listed for metronidazole as defined in the Metronidazole Summary of Product Characteristics 2017 \[[@CR31]\]

Overall, 64/2024 (3.2%) patients in the ceftazidime--avibactam ± metronidazole group and 53/2026 (2.6%) patients in the comparator group died up to the last scheduled follow-up visit. Of these deaths, 30 occurred in patients with cIAI (18 \[2.1%\] in the ceftazidime--avibactam ± metronidazole group and 12 \[1.4%\] in the comparator group), seven in patients with cUTI (three \[0.4%\] and four \[0.5%\], respectively) and 80 in patients with NP/VAP (43 \[9.9%\] and 37 \[8.5%\], respectively). Forty patients (2.0%) in the ceftazidime--avibactam ± metronidazole group and 37 (1.8%) in the comparator group experienced AEs with an outcome of death; none of these AEs were considered by the investigator to be related to the study drug. The remaining deaths were due to disease progression and occurred in 24 (1.2%) and 16 (0.8%) patients in the ceftazidime--avibactam ± metronidazole and comparator groups, respectively (eight and three in patients with cIAI; none in patients with cUTI; 16 and 13, respectively, in patients with NP/VAP). Two additional patients, both with cIAI, died after the last scheduled follow-up visit (see the footnote to Table [2](#Tab2){ref-type="table"} for additional information). These were both considered by the blinded investigator to be unrelated to study medication and were attributed to the patients' pre-existing conditions.

The incidence of study drug discontinuation due to an AE was 2.6% (52/2024) and 1.7% (34/2026) in the ceftazidime--avibactam ± metronidazole and comparator groups, respectively (Table [2](#Tab2){ref-type="table"}). The most frequently reported AEs leading to discontinuation of ceftazidime--avibactam were nausea (*n *= 4), diarrhoea (*n *= 3) and headache (*n *= 2).

Safety Topics of Special Interest {#Sec10}
---------------------------------

STOI were defined a priori for close analysis in the clinical development programme, based on the known safety profile of ceftazidime. These were liver disorders, diarrhoea, severe hypersensitivity, haematological disorders and renal disorders (including neurological sequalae). Few patients in either group had STOI AEs (see Online Resource 5 in the ESM).

### Liver disorders {#Sec11}

Liver disorders were defined as an STOI based on the recognised ADRs for ceftazidime, which include transient elevations in one or more hepatic enzymes and jaundice \[[@CR23]\]. The most common liver disorder AEs in the ceftazidime--avibactam ± metronidazole and comparator groups were increased aspartate transaminase (AST) (1.8% and 2.0%, respectively) and increased ALT (1.7% and 2.1%, respectively; Table [3](#Tab3){ref-type="table"}). Patients with NP/VAP had the highest incidence of liver disorder AEs. Overall, liver disorder AEs and/or abnormal hepatic laboratory results that were considered potentially clinically significant occurred in \< 5% of patients in either treatment group (Table [5](#Tab5){ref-type="table"}). No notable trends were observed by visit for any hepatic laboratory parameter, and the elevations were in line with the expected frequency for this ADR. Fifty-seven patients (27/2024 \[1.3%\] ceftazidime--avibactam ± metronidazole and 30/2026 \[1.5%\] comparator) met the laboratory criteria for potential Hy's law classification (≥ 1 laboratory value with a maximum ALT or AST ≥ 3 × upper limit of normal \[ULN\] and a maximum total bilirubin level ≥ 2 × ULN at any point, including before the start of study drug administration, up to the last visit). Assessment of these cases concluded that all patients had other aetiologies or explanations for the elevated liver results. No Hy's law cases were confirmed. No new safety findings were identified for liver disorders. Drug-induced liver injury was not confirmed in patients taking ceftazidime--avibactam ± metronidazole. Hepatoxicity is considered an important potential risk for ceftazidime--avibactam in the Patient Risk Management Plan and is under pharmacovigilance surveillance \[[@CR27]\].Table 5Potentially clinically significant laboratory measurements up to the last study visit (pooled safety population)Clinical laboratory variablePotentially clinically significant criteria*n/m* with both baseline and post-baseline values (%)Ceftazidime--avibactam ± metronidazole (*N *= 2024)Comparator (*N *= 2026)Haematology Basophils, particle concentration (10^9^/L)\> 4 × ULN and \> 300% increase from baseline1/1729 (0.1)2/1732 (0.1) Coombs test, directNegative at baseline and positive at post-baseline128/986 (13.0)37/978 (3.8) Eosinophils, particle concentration (10^9^/L)\> 4 × ULN and \> 300% increase from baseline2/1736 (0.1)3/1742 (0.2) Erythrocyte, volume fraction (ratio)\< 0.8 × LLN and \> 20% decrease from baseline87/1578 (5.5)94/1573 (6.0)\> 1.3 × ULN and \> 30% increase from baseline0/1578 (0.0)0/1573 (0.0) Erythrocytes, particle concentration (10^12^/L)\< 0.8 × LLN and \> 20% decrease from baseline95/1759 (5.4)92/1772 (5.2)\> 1.3 × ULN and \> 30% increase from baseline1/1759 (0.1)0/1772 (0.0) Haemoglobin (g/L)\< 0.8 × LLN and \> 20% decrease from baseline101/1760 (5.7)100/1772 (5.6)\> 1.3 × ULN and \> 30% increase from baseline0/1760 (0.0)0/1772 (0.0) Leukocytes, particle concentration (10^9^/L)\< 0.65 × LLN and \> 60% decrease from baseline13/1759 (0.7)13/1772 (0.7)\> 1.6 × ULN and \> 100% increase from baseline32/1759 (1.8)37/1772 (2.1) Lymphocytes, particle concentration (10^9^/L)\< 0.25 × LLN and \> 75% decrease from baseline3/1747 (0.2)6/1754 (0.3)\> 1.5 × ULN and \> 100% increase from baseline6/1747 (0.3)11/1754 (0.6) Monocytes, particle concentration (10^9^/L)\> 4 × ULN and \> 300% increase from baseline1/1743 (0.1)1/1746 (0.1) Neutrophils, particle concentration (10^9^/L)\< 0.65 × LLN and \> 75% decrease from baseline16/1743 (0.9)17/1747 (1.0)\> 1.6 × ULN and \> 100% increase from baseline70/1743 (4.0)59/1747 (3.4) Platelets, particle concentration (10^9^/L)\< 0.65 × LLN and \> 50% decrease from baseline17/1663 (1.0)20/1673 (1.2)\> 1.5 × ULN and \> 100% increase from baseline59/1663 (3.5)63/1673 (3.8)Clinical chemistry ALT (μkat/L)\> 3 × ULN and \> 200% increase from baseline66/1818 (3.6)71/1821 (3.9) Albumin (g/L)\< 0.5 × LLN and \> 50% decrease from baseline2/1837 (0.1)3/1829 (0.2)\> 1.5 × ULN and \> 50% increase from baseline0/1837 (0.0)0/1829 (0.0) ALP (μkat/L)\< 0.5 × LLN and \> 80% decrease from baseline0/1919 (0.0)0/1923 (0.0)\> 2 × ULN and \> 100% increase from baseline51/1919 (2.7)44/1923 (2.3) AST (μkat/L)\> 3 × ULN and \> 200% increase from baseline63/1761 (3.6)53/1757 (3.0) Bilirubin, direct (conjugated) (μmol/L)\> 2.5 × ULN and \> 150% increase from baseline4/1403 (0.3)17/1381 (1.2) Total bilirubin (μmol/L)\> 2 × ULN and \> 150% increase from baseline4/1841 (0.2)13/1836 (0.7) Creatinine (μmol/L)\> 2 × ULN and \> 100% increase from baseline8/1929 (0.4)12/1928 (0.6) Gamma-glutamyltransferase (μkat/L)\> 3 × ULN and \> 200% increase from baseline78/1763 (4.4)84/1759 (4.8) Urea nitrogen (mmol/L)\< 0.2 × LLN and \> 100% decrease from baseline0/1930 (0.0)0/1927 (0.0)\> 3 × ULN and \> 200% increase from baseline3/1930 (0.2)3/1927 (0.2) Potassium (mmol/L)\< 0.8 × LLN and \> 20% decrease from baseline43/1893 (2.3)39/1882 (2.1)\> 1.2 × ULN and \> 20% increase from baseline15/1893 (0.8)13/1882 (0.7)Coagulation Activated partial thromboplastin time (s)\< 0.5 × LLN and \> 50% decrease from baseline0/1617 (0.0)0/1642 (0.0)\> 2 × ULN and \> 100% increase from baseline8/1617 (0.5)18/1642 (1.1) International normalised ratio\< 0.5 × LLN and \> 50% decrease from baseline0/1638 (0.0)0/1663 (0.0)\> 2 × ULN and \> 100% increase from baseline24/1638 (1.5)13/1663 (0.8) Prothrombin time (s)\< 0.5 × LLN and \> 50% decrease from baseline0/1627 (0.0)0/1652 (0.0)\> 2 × ULN and \> 100% increase from baseline24/1627 (1.5)14/1652 (0.8)*ALP* alkaline phosphatase, *ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *LLN* lower limit of normal value, *m* number of patients with both baseline and post-baseline values, *n* number of patients with potentially clinically significant criteria, *N* number of patients in treatment group, *ULN* upper limit of normal

### Diarrhoea {#Sec12}

Antibiotics are known to cause effects on the gastrointestinal tract that may result in alterations of intestinal flora and lead to antibiotic-associated diarrhoea, including *Clostridium difficile* colitis. According to the protocols of some of the phase III studies, if a patient experienced significant diarrhoea during or after IV study therapy, the investigator was to consider obtaining a stool sample for *C. difficile* toxin testing. In total, 154 patients (7.6%) in the ceftazidime--avibactam ± metronidazole and 132 patients (6.5%) in the comparator group experienced diarrhoea AEs (see Online Resource 5 in the ESM); in the cIAI population, diarrhoea AEs occurred in 62 (7.2%) and 38 (4.4%) patients, respectively. Overall, there were 14 AEs in 13 patients potentially representing *C. difficile*-associated diarrhoea (CDAD), nine occurring in eight patients who received ceftazidime--avibactam ± metronidazole (one patient with cIAI, two with cUTI, and five with NP/VAP) and five occurring in five patients who received comparator (one patient each with cIAI and cUTI, and three with NP). All of these AEs had either resolved or were resolving at the time of reporting.

### Severe Hypersensitivity {#Sec13}

Severe hypersensitivity was identified as an STOI based on the known ADRs of ceftazidime, which include anaphylaxis (including bronchospasm and/or hypotension), Stevens--Johnson syndrome, toxic epidermal necrolysis and erythema multiforme \[[@CR23]\]. No AEs of anaphylaxis, Stevens-Johnson syndrome, toxic epidermal necrolysis or erythema multiforme were reported. One ceftazidime--avibactam patient had an unrelated AE of anaphylactic reaction that was temporally related to a vancomycin infusion and had negative rechallenges with ceftazidime--avibactam. Overall, the incidence of patients with at least one hypersensitivity AE was 8.3% for ceftazidime--avibactam ± metronidazole and 7.5% for the comparator group (see Online Resource 5 in the ESM). Three patients with cIAI who received ceftazidime--avibactam + metronidazole had non-serious hypersensitivity AEs (rash pruritic, rash macular, and pruritus and urticaria, respectively) that were assessed by the investigator as causally related to study drug and resulted in discontinuation of study drug.

### Haematological Disorders {#Sec14}

The incidence of haematological disorders, identified by AEs, was \< 4% across treatment groups (see Online Resource 5 \[ESM\]). The estimated Coombs seroconversion rate is based on data from 987 (48.8%) patients in the phase II and III pool who had a baseline negative Coombs test and at least one follow-up test. Coombs seroconversion rates at any time up to the last visit for patients with a baseline negative result and at least one post-baseline positive result were 13.0% for ceftazidime--avibactam ± metronidazole and 3.8% for comparators (Table [5](#Tab5){ref-type="table"}). For the ceftazidime--avibactam ± metronidazole group, the lowest percentage of Coombs seroconversion at any time up to the last visit was in patients with cUTI (6.3%), and the highest was in patients with NP/VAP (21.4%). Further analysis was conducted to include patients who had at least two post-baseline Coombs results, of which the first was negative. This was to include patients with a missing baseline value but with evidence of seroconversion. An additional 10 patients were identified, resulting in a frequency of 14.0% (138/987 patients). This was the most common potentially clinically significant haematological finding observed with ceftazidime--avibactam across all indications (cIAI 13.3%; cUTI 6.3%; NP/VAP 21.4%). However, no patients with evidence of Coombs seroconversion had an AE or laboratory evidence of haemolytic anaemia.

### Renal Disorders {#Sec15}

The incidence of patients who developed a renal disorder AE was 1.6% for ceftazidime--avibactam ± metronidazole and 1.2% for comparators (see Online Resource 5 \[ESM\]). No patient with renal impairment (estimated CrCl ≤ 50 mL/min) was identified as having experienced an AE of neurological sequelae resulting from overexposure to ceftazidime--avibactam.

Intrinsic and Extrinsic Factors {#Sec16}
-------------------------------

Incidences of AEs (irrespective of relationship to study therapy), AEs leading to discontinuation of study drug (DAEs), SAEs and AEs of severe intensity for ceftazidime--avibactam ± metronidazole and comparators assessed by age, gender, BMI, race, or renal function (intrinsic patient factors) are shown in Online Resources 6--11 (see ESM) and AEs by the extrinsic factor of geographic region are shown in Online Resource 11 (see ESM).

Clinical Laboratory Assessments {#Sec17}
-------------------------------

Potentially clinically significant laboratory changes compared with baseline are shown in Table [5](#Tab5){ref-type="table"}. Prothrombin times \> 2 × ULN and \> 100% increase from baseline occurred in 1.5% and 0.8% of patients in the ceftazidime--avibactam ± metronidazole and comparator groups, respectively, and an international normalised ratio (INR) of \> 2 × ULN and \> 100% increase from baseline was found in 1.5% and 0.8% of patients, respectively (Table [5](#Tab5){ref-type="table"}).

Vital Signs and ECG Data {#Sec18}
------------------------

Vital signs and ECG data were not pooled for the phase II and III studies. Changes in mean vital signs were reported individually for each study and were not considered clinically significant \[[@CR16]--[@CR22]\]. Supratherapeutic doses of ceftazidime--avibactam (3000 mg ceftazidime + 2000 mg avibactam) did not result in a clinically meaningful increase in the Fridericia-corrected QT (QTcF) in a phase I, four-way crossover thorough QT study with moxifloxacin as positive control \[[@CR9]\]. No new safety concerns for vital signs were noted in the individual phase II and III studies.

Drug--Drug Interactions {#Sec19}
-----------------------

The following concomitant medications were selected for analysis of potential DDI: medications that have the ability to affect renal function; OAT1/OAT3 inhibitors; vitamin K antagonists (VKAs); chloramphenicol and sodium picosulphate. In patients who received a selected concomitant medication, AEs were assessed after the patient had received the first dose. Of note, such assessments can be confounded because observed AEs may be due to, or associated with, an underlying condition for which a concomitant medication would be indicated or may be associated with another ongoing concomitant medication. No evidence of DDIs between ceftazidime--avibactam ± metronidazole and any of the selected concomitant medications was identified in these analyses (Table [6](#Tab6){ref-type="table"}).Table 6Adverse events up to the last study visit in patients receiving selected concomitant medications with potential for drug--drug interactions (pooled safety population)Patients with any AE with/without concurrent administration, *n* (%)Ceftazidime--avibactam ± metronidazole (*N* = 2024)Comparator (*N* = 2026)With concurrent medicationWithout concurrent medicationWith concurrent medicationWithout concurrent medicationDrugs with ability to affect renal function143/265 (54.0)236/588 (40.1)168/284 (59.2)199/578 (34.4)Vitamin K antagonists5/10 (50.0)386/844 (45.7)7/13 (53.8)368/848 (43.4)Chloramphenicol4/4 (100.0)394/853 (46.2)1/2 (50.0)378/860 (44.0)OAT1 and OAT3 inhibitors26/58 (44.8)364/793 (45.9)29/65 (44.6)346/795 (43.5)Sodium picosulfate1/1 (100.0)397/856 (46.4)1/2 (50.0)380/861 (44.1)Percentages are based on the total number of patients in the subgroup and treatment group (*N*). For patients who received a selected concomitant medication, AEs were assessed after the patient had received the first dose of concomitant medication*AE* adverse event

Discussion {#Sec20}
==========

The current pooled analysis included seven trials conducted in patients with cIAI, cUTI or NP, including VAP, and is representative of the patients for whom ceftazidime--avibactam will be prescribed \[[@CR28], [@CR29]\]. For an antibiotic, this pooled analysis comprises an adequate safety dataset (of 2024 patients treated with ceftazidime--avibactam ± metronidazole from seven clinical trials), representative of the population for treatment (cIAI, cUTI and NP), and included 661 elderly patients (aged ≥ 65 years). Comparator treatments represented standard therapies in the respective indications and were largely carbapenems. Across the trials, patients in each treatment arm could also receive concomitant antibiotics; however, no change to the safety profile of ceftazidime--avibactam was identified as a result of this. As the NP/VAP population had significant comorbidities and high APACHE II scores at baseline, they are considered reflective of adult patients with infections due to serious aerobic Gram-negative organisms with limited treatment options.

This comprehensive safety review was structured to reflect CIOMS Working Group IV recommendations \[[@CR22]\]. In line with CONSORT guidance, safety data in the individual trials and in this pooled analysis were not subject to inferential statistical analysis/hypothesis testing \[[@CR30]\]. As safety findings can be infrequent, it was not possible to fully assess the effect of intrinsic and extrinsic factors that might have an impact on safety in the individual studies. Based on ICH guidance \[[@CR25]\], the frequencies and patterns of AEs across subpopulations according to age, sex, BMI, baseline renal function, race and geographical region were analysed descriptively for ceftazidime--avibactam and comparators. Specific evaluations based on the known safety profile of ceftazidime monotherapy and performed programmatically using Standardised MedDRA Queries included severe hepatotoxicity, CDAD, severe hypersensitivity, haematological disorders/bone marrow toxicity and renal disorders.

The analysis confirms that the safety profile of ceftazidime--avibactam and the most commonly reported AEs in the pooled analysis were consistent with the known safety profile for ceftazidime monotherapy \[[@CR23]\]. The most frequent AEs included gastrointestinal symptoms and liver transaminase elevations, with no observed increases in the expected severity or frequency. The incidence of SAEs and AEs leading to discontinuation was low, and while numerically higher for ceftazidime--avibactam than the pooled comparator group, this difference was not large enough to be assessed as clinically impactful. Most SAEs in the ceftazidime--avibactam ± metronidazole group were known ADRs of ceftazidime \[[@CR23]\]. The remaining SAEs were likely attributable to the patients' underlying conditions and did not indicate any new safety findings. Common drug-related AEs for ceftazidime--avibactam ± metronidazole comprised diarrhoea (2.2%), headache (1.0%), nausea (1.0%) and increased ALT (0.8%); all of which are expected ADRs for both ceftazidime and metronidazole \[[@CR23], [@CR31]\]. Within each indication, the incidence of any AE up to the last study visit was balanced between treatment groups; across indications, the incidence was lowest in patients with cUTI and highest in patients with NP/VAP. This is to be expected, since patients with NP/VAP tended to be older than those with cUTI or cIAI and were thus more likely to experience AEs \[[@CR32]\]. In addition, patients with NP/VAP had an underlying comorbidity that had caused their original admission to hospital and higher baseline APACHE II scores than those with cIAI (APACHE II data were not recorded for patients with cUTI), consistent with more severe baseline disease, and thus a greater expected AE burden.

Avibactam has linear pharmacokinetics, with minimal metabolism, high bioavailability and low potential for protein binding and drug--drug interactions \[[@CR6]--[@CR15]\]. There are currently no identified human receptors for avibactam, and the only ADR identified for avibactam to date, based on animal data, is phlebitis; however, no increase in the severity or frequency of phlebitis in the clinical development programme was observed, compared with that expected for ceftazidime monotherapy \[[@CR23]\].

STOIs based on the known safety profile of ceftazidime included liver disorders, diarrhoea including CDAD, severe hypersensitivity including anaphylaxis, haematological disorders and renal disorders. Overall, the incidences of AEs related to liver disorders, diarrhoea, severe hypersensitivity or renal disorders for patients taking ceftazidime--avibactam ± metronidazole were similar to those expected for ceftazidime monotherapy \[[@CR23]\].

No meaningful trends or pattern of changes in haematological or clinical chemistry parameters were identified. Antibiotics that may be associated with seroconversion to a positive Coombs test and, very rarely, a subsequent diagnosis of haemolytic anaemia include penicillin and other β-lactams \[[@CR33]\]. A higher incidence of positive Coombs test in the ceftazidime--avibactam ± metronidazole group versus the expected labelled frequency for ceftazidime \[[@CR23]\] was observed. However, the ceftazidime monotherapy development programme encompassed more infection types than the ceftazidime--avibactam programme, and the individual frequencies of a positive Coombs test with ceftazidime monotherapy in each infection type are not publicly available. Therefore, it is not possible to assess whether this increase is also seen for ceftazidime monotherapy when considering only the three indications studied in the ceftazidime--avibactam programme. The sensitivity of the assays used to calculate the frequency of a positive Coombs test in the ceftazidime--avibactam trials may also differ to those used in the original ceftazidime monotherapy trials. As positive Coombs test results in the pooled safety dataset were not associated with reported AEs of haemolysis, nor any related evidence in clinical haematology assessments, this finding is not considered to be clinically significant. This will continue to be monitored in ongoing post-marketing surveillance.

The frequency of potentially clinically significant laboratory changes was low across indication groups. Although hypokalaemia was reported more frequently as an AE in patients with NP than patients with cIAI and cUTI, it was not confirmed by analysis of actual change in serum potassium values from baseline to individual study day, end of treatment, test-of-cure or last visit, and these events were concluded to be associated with the patients' underlying and concomitant medical conditions.

There was no evidence that the safety profile of ceftazidime--avibactam is influenced by intrinsic factors (such as race, age, gender, BMI and renal function), or extrinsic factors (such as geographic region), and there was no evidence of DDIs with selected concomitant medications; however, these analyses are limited by the denominator of patients in some subgroups. As both ceftazidime and avibactam are primarily cleared by the kidney, dosage adjustments are required in patients with moderate or severe renal impairment (estimated CrCl \< 50 mL/min). There were no clinically important safety concerns observed in patients by subgroups of renal function, although again denominators were small in some subgroups, particularly severe renal impairment. There was no evidence that the safety profile was affected by extreme age, and this pooled analysis comprised an adequate dataset in this group (approximately 16% of patients were aged ≥ 75 to ≤ 90 years).

A recent systematic review and meta-analysis evaluated the efficacy and top-line safety of ceftazidime--avibactam based on 3988 patients in the phase II--III clinical trials, and was generally consistent with the results of the current pooled analysis \[[@CR26]\]. Our analysis in all 4050 patients in the pooled safety population provides a more comprehensive overview of safety using pre-specified programmed safety analysis, treatment-emergent AEs and patient-level data, rather than only the summaries available in the published literature, and with respect to REPROVE, included a subpopulation of moderate and severely impaired renal function at baseline, which was analysed separately in the study following a protocol amendment and change to dosage regimens \[[@CR22]\]. While meta-analysis has important applications, particularly for analysing efficacy outcomes of different interventions across multiple trials, its use for assessing safety from pooled clinical trial data has various methodological challenges and limitations \[[@CR34]--[@CR38]\]. In particular, considering heterogeneous treatments as a single comparator group for meta-analysis of safety outcomes is potentially misleading and a challenge for interpretation. In the context of the current analysis, ceftazidime--avibactam (a cephalosporin β-lactam antibiotic) ± metronidazole was compared with a heterogenous group of comparator treatments consisting mainly of carbapenem β-lactam antibiotics, which have similar, but not identical, safety and tolerability profiles to cephalosporins \[[@CR39], [@CR40]\]. As such, minor differences in safety outcomes between ceftazidime--avibactam and the pooled comparator group (which were evident in our descriptive analyses) would be expected based on the different drug classes alone, and particularly when considering the addition of metronidazole to ceftazidime--avibactam in the cIAI population.

In our pooled analysis, a consistent pattern of safety data was demonstrated for ceftazidime--avibactam ± metronidazole and the comparator agents within infection types. The higher incidence of SAEs and all-cause mortality in the NP/VAP population reflects the fact that the phase III NP study, REPROVE \[[@CR22]\], enrolled patients who were older and tended to be sicker (i.e. those who were hospitalised for another reason and then acquired pneumonia) at baseline compared with the other studies. Similar to the current analysis, mortality rates reported in the literature are highest for NP (up to 62%), followed by cIAI (ranging from \< 25% to \> 50% depending on the location of the infection and the form of peritonitis involved) and cUTI (20--40%) \[[@CR41]--[@CR43]\].

A limitation of analysing pooled data is the potential for differences in baseline characteristics of the individual study populations and in patients with different infection types. Our analyses were limited by the heterogeneous treatments given to the comparator group and the potential for bias in inferential testing of safety outcomes in the clinical studies (which were primarily designed to assess efficacy). Another specific limitation of the current analysis is that subtle differences in the safety profile between ceftazidime--avibactam and historical data for ceftazidime monotherapy may be difficult to identify because very large patient populations would be required \[[@CR44], [@CR45]\]. The studies included in this analysis did not use ceftazidime as an active control, so no direct comparison with ceftazidime--avibactam was possible. However, no clinically significant findings were made after comparison of safety parameters in the ceftazidime--avibactam studies with the safety profile detailed in the ceftazidime prescribing information \[[@CR23]\]. These observations support the view that the safety profiles of ceftazidime--avibactam and ceftazidime are clinically similar.

Although the analysis included a heterogeneous patient population from several trials in different infection types, the patients had many common eligibility criteria and data were collected and analysed in a standardised manner. The comparable safety profiles of ceftazidime--avibactam and comparators in patients with cIAI, cUTI and NP demonstrated consistency of results within each patient population, when the patients' respective underlying medical conditions are considered.

Conclusions {#Sec21}
===========

This pooled analysis of the ceftazidime--avibactam phase II and III clinical trial programme confirms that the current emerging safety profile of ceftazidime--avibactam is similar to the known profile of ceftazidime monotherapy, as defined following decades of post-marketing experience, and that the addition of avibactam does not result in clinically relevant differences. These data form the basis of the safety text approved by the regulatory agencies for ceftazidime--avibactam \[[@CR28], [@CR29]\]. Continued active post-marketing surveillance will further define the safety profile of ceftazidime--avibactam in real-world practice. Overall, this analysis supports the use of ceftazidime--avibactam as a treatment option in adults with cUTI, cIAI and NP, including VAP.
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